The aim of our study was to compare the effect of various proportions of popped amaranth grain (Amaranthus cruentus) in piglet diets on selected blood indicators, such as red blood cell count (RBC), haematocrit (HCT), haemoglobin concentration (HB) and mean corpuscular haemoglobin concentration (MCHC), but also growth efficiency (daily weight gain) and tissue morphology of the gastrointestinal tract. Altogether, 122 piglets (12 litters) were divided randomly into four groups (4 × 3 litters). Diet of the piglets in the control group was without popped amaranth grain. Starting from day 5 until day 90 of life, each of the three experimental groups was offered one of the feed mixtures containing different amounts of heat-treated popped amaranth grain: 20% (group A20), 40% (group A40), and 79% (group A79). When comparing the three experimental groups with the control group, in relation to the mean haemoglobin concentration and red blood cell count, higher values were measured in almost all periods of the piglets' life, except for five-day-old piglets in the experimental groups. Only in 90-day-old piglets, group A79 tended to have a higher body weight compared to the control piglets. In summary, differences in haematologic indices which occurred between groups were inconsistent and of minor practical impact. With regard to the costs of the Amaranthus diet, beneficial effects were not obvious.
The most frequently used method to meet the needs and prevent anaemia in suckling piglets is administration of Fe 3+ in the form of dextran (Svoboda et al. 2004 ). Svoboda and Drabek (2002) concluded that piglets should have iron (Fe) administered before day 6 after their birth to prevent anaemia. However, parenteral administration of iron to piglets after birth is not always free of health risks. Some authors, e.g. Heinritzi and Plonait (1997) , claim that a high supply of iron can contribute to development of bacteraemia. Holmgren (1996) reported a more frequent occurrence of polyarthritis in parentally Fe-dosed piglets. According to Lehmann (2001) , the negative impact of parenterally administered Fe 3+ causes the inhibition of macrophages, weakening their phagocytic abilities. The effects of piglet consumption of solid mineral supplements differ. As the absorption of Fe 2+ is much better than that of Fe 3+ (Dietzfelbinger 1987) , only preparations containing bivalent iron are used for paste production. Lactate is a compound with sufficiently high concentration of Fe 2+ ions necessary for oral administration. The bond of Fe to organic acids commonly present in animals is an advantage (Svoboda et al. 2004 ). However, Dubansky et al. (1997) and considered the use of solid mineral supplements as problematic, due to the low consumption of solid feed in the first two weeks of the piglets' life. Unfortunately, references concerning the prevention and therapy of pig anaemia with special nutrition which could influence blood indicators and health status of piglets are scarce.
The Andean crop amaranth is a pseudo cereal that has been the focus of attention in many scientific studies over the last two decades, mainly because of its nutritional, functional, agricultural, and technological potential (Zraly et al. 2006; Bartkowiak et al. 2007 ; Kroliczewska et al. 2008; Ferreira and Areas 2010) . The genus Amaranthus belongs to the family Amaranthaceae and includes more than 60 species. An additional benefit is that amaranth contains many minerals, such as calcium, sodium, iron, magnesium and vitamin E (Yanez et al. 1994) . The use of amaranth has become prevalent after the ban on animal-derived feeds in animal nutrition, and concern was expressed as to what substances to use in order to replace the high-quality raw material previously used for the preparation of combined feeds without producing adverse effects on the health status and performance of fattened pigs (Zraly et al. 2006) . Pisarikova et al. (2005) determined the nutritional value (chemical composition, amino acid content, in vitro protein digestibility) of raw and heat-treated popped amaranth grain in feed mixtures for broiler chickens. The high content of crude protein, favourable composition of amino acids and fibre and high coefficients of nutrient digestibility in a diet with 10% of raw popped amaranth grain predicated these substances as suitable supplements to conventional feeds in feed mixtures for broiler chickens (Pisarikova et al. 2005) .
Since amaranth poppy grain contains non-nutritional ingredients, heat-treated (30 s at 160 °C) popped amaranth grain (PAG) has been used for animal feed (Correa et al. 1986; Imeri et al. 1987 ). However, up-to-date data on the use of amaranth in pig nutrition are scarce (Sokol et al. 2001; Zraly et al. 2004 ). Zraly et al. (2004) investigated whether it would be possible to substitute amaranth for proteins of animal origin in the pig diet, using one type of feed ration during the entire period of fattening, and followed its impact on the pigs' growth efficiency and health, carcass characteristics and meat quality. These authors concluded that the high contents of lipids and essential fatty acids, particularly linoleic acid and squalene, in amaranth may be effective in wholesome pork production due to modification of the fatty acid composition of meat. Amaranth accumulates Fe to much higher concentrations than many other widely available cultivated green leafy vegetables (GLVs) (Ifon and Bassir 1978; Makus 1984; Chawla et al. 1988) . Rangarajan et al. (1998) studied Fe bioavailability from amaranth using haemoglobin (HB) repletion in anaemic rats. When amaranth (30 mg/kg diet) was added to individual diets, analysis of HB repletion efficiency indicated that A. tricolor supported the largest HB gain of the three lines studied, despite having the lowest relative Fe bioavailability compared to A. hypochondriacus and A. cruentus.
The aim of our study was to compare the effect of various proportions of popped amaranth grain (Amaranthus cruentus) in piglet diets on selected blood indicators, as red blood cell count (RBC), haematocrit (HCT), haemoglobin concentration (HB) and mean corpuscular haemoglobin concentration (MCHC), but also growth efficiency (body weight gain and daily weight gain) and tissue morphology of the gastrointestinal tract.
Materials and Methods

Animals
The study involved 12 sows from one commercial pig farm in Serbia, which held approximately 20 000 fattened pigs (Yorkshire × Swedish Landrace). Blood samples were taken from 12 animals (sows, approximately 100 day of gestation), pre-selected according to clinical signs of suspected anaemia. Haematological examination of the 12 blood samples showed that the 12 sows selected for the study were anaemic. The classification criteria for anaemia were the values below which we considered the animals anaemic: RBC < 5.8 T/l and/or HB < 108 g/l. The sows were housed on-farm in standard commercial conditions. Sows were transferred into farrowing pens a fortnight before parturition and stayed there until piglets were weaned at the age of 28 days.
Altogether, 122 piglets (12 litters) were divided randomly into four groups (4 × 3 litters). Group 1 (K+P) was the control group and contained 33 piglets, group 2 (A20) contained 33 piglets, group 3 (A40) contained 29 piglets and group 4 (A79) contained 27 piglets. All the animals were marked by tattooing and also with ear tags. Iron supplement injections were not administered to any of the piglets, and none of the male piglets was castrated.
Feeding
Popped amaranth grain was heat-treated for 30 s at 160 °C, and then mixed into a pig feed based on wheat grain, skimmed cow's milk powder, supplemented with a vitamin and mineral premix. Mixed piglet feeds finally contained 20, 40 or 79% of PAG. The diet of piglets in the control group 1 (K+P) was based on maize grain and oil, wheat grain and skimmed cow's powder, but without PAG. Piglet diets and iron concentrations in the feeds are shown in Table 1 . Starting from the fifth day of life until the end of the study, each experimental group of piglets was offered one of the feed mixtures containing amaranth, while control piglets were offered the diet with no PAG.
The iron content was determined in feed by atomic absorption spectrophotometry using the Varian Spectra AA10 (Varian Techtron, Mulgrave Victoria, Australia; FAO 1980) . Each group of piglets was fed twice per day from day 5 to day 90. Water was available ad libitum. The piglets were weighed on days 5 (the day of birth was taken as day 0), 10, 28, 60 and 90 of life. The health status of animals was monitored daily by a competent veterinarian at the farm through observation at regular intervals. Morbidity and mortality, which occurred occasionally, were recorded. (760 mg/kg), pantothenic acid (2500 mg/kg), vitamin B6 (500 mg/kg), niacin (4000 mg/kg), folic acid (150 mg/kg), vitamin B12 (5 mg/kg), biotin (24 mg/kg), choline (45,000 mg/kg), zinc E6 (13,000 mg/kg), copper (3150 mg/kg), iron E1 (12,500 mg/kg), manganese E5 (5500 mg/kg), iodine (160 mg/kg), selenium (40 mg/kg), cobalt E3 (42 mg/kg), calcium (minimum 30%). 02%: zinc oxide IU -International Unit Haematology Blood samples (3 ml) were collected from the piglets on days 5, 10, 28, 60, and 90 by puncture of the cranial vena cava, using ethylene-diamine-tetra-acetic acid (EDTA) as anticoagulant. The following haematological values were determined in blood samples: RBC, HCT, HB, MCHC. The haematological measurements were made with an ABACUS JUNIOR VET (Diatron MI PLC; Budapest, Hungary).
Histopathology
Out of 122 piglets included in the study, 29 were examined post mortem (25 piglets which were sacrificed and four which died during the study). Samples of the ventriculum, duodenum, jejunum, colon transversum, liver, mesenterial lymph nodes and pieces of the breastbone were taken for histopathological examination. Standard procedure included: fixation with neutral 10% formalin, embedding in paraffin, harvesting from five to ten histological cuts of 5 μm thickness, and staining with haematoxylin eosin. The stained tissue slices were analysed by light microscopy. 
Statistical analyses
Data were analyzed using IBM SPSS software version 20 (SPSS Inc., Chicago, IL, USA). Results are reported as means and standard deviation at the 95% confidence interval. Differences in means between groups were analyzed using a general linear model and also repeated measurements ANOVA for HB, RBC, MCHC, and HCT. For all indicators, differences from the control-group indicators were analyzed using Dunnett's post hoc procedure. Also, 95%-confidence intervals were calculated to show whether the observed mean value of an indicator lay significantly below or above a specific norm. The assumption of normal distribution was controlled using Kolmogorov-Smirnov test. For all statistical analyses P < 0.05 (5%) was regarded as significant, and P < 0.01 (1%) was regarded as highly significant.
Results
Haematological indicators
Over time, significant changes in haematological indices were observed in all groups of piglets. Data of selected indicators are shown group-wise in Tables 2 to 5. In Table  6 significant differences between sampling times, which were similar in all groups, are indicated.
When comparing three experimental groups with the control group, in relation to the mean HB concentration and RBC count, higher values were measured in almost all periods of the piglets' life (mainly group A79), except for five-day-old piglets in the experimental groups. This is shown in Tables 2 and 3. Comparison of HCT and MCHC in the three experimental groups with the control group showed that, in all periods of piglet life, in almost all cases, higher values were detected in group A79 than in the control piglets (Tables 4 and 5 ).
Significant differences were detected in HB concentration in the blood of piglets in the control group and in group A79 on several examination days (P = 0.011).
Body weight
The mean body weights on days 5, 10, 28, 60, and 90 and the mean daily weight gain of the piglets are presented in Table 7 .
The body weight and mean daily weight gain were significantly higher in the control piglets, compared to the other three groups of piglets. The control piglets had higher body weights compared to the experimental piglets from the beginning of the study until the 60 th day of the piglets' life. At the end of the study, piglets of group 3 (A40) had the highest body weight. In 90-day-old piglets, group A79 tended to have a higher body weight compared to the control piglets (Table 7) . The mixed feed prepared for the control piglets contained the highest Fe concentration; while in the other three amaranth-containing feeds, Fe concentrations were significantly lower (Table 1) . HB -blood haemoglobin concentration SD -standard deviation K+P -control group, feed mixtures without popped amaranth grain A20 -feed mixtures containing 20% of heat-treated popped amaranth grain A40 -feed mixtures containing 40% of heat-treated popped amaranth grain A79 -feed mixtures containing 79% of heat-treated popped amaranth grain Histopathology Macroscopic as well as microscopic findings did not differ between the different groups of piglets. All internal organs as well as all histological samples were free of any pathological findings.
Analysis of the piglet diets in our study showed that the highest concentration of iron in the mixtures was found in the feed for the control piglets (327.98 mg/kg), whereas the feeds for the other three piglet groups (A20, A40 and A79) contained proportionately less Fe (237.67, 248.54, and 285.10 mg/kg, respectively).
Cost-benefit analysis
Cost-benefit analysis revealed that feeding piglets PAG involved increased costs over that of the control feed. Feeding amaranth to piglets for the 90 days of the study entailed an additional cost of between €7.20 and €14.70 per piglet of 25 kg body weight.
Discussion
In the current study, piglet diets with PAG contained less iron than the diet without PAG. However, another important factor, that may have played a role in the fact that the piglet diets containing PAG were not as effective as was hypothesised, was the lower bioavailability of iron in the PAG-based diets.
The control group diet had a higher iron content in the first place because of the components -vitamin and mineral premix, wheat bran, maize grain -which was not present in similar quantities in the other diet mixtures. Wheat bran is iron-rich (Farajzadeh and RBC -red blood cell count SD -standard deviation K+P -control group, feed mixtures without popped amaranth grain A20 -feed mixtures which contained 20% of heat-treated popped amaranth grain A40 -feed mixtures which contained 40% of heat-treated popped amaranth grain A79 -feed mixtures which contained 79% of heat-treated popped amaranth grain Monji 2004). Differences in total Fe accumulation by amaranth have been detected (Deutsch 1978; Makus 1984) , and the bioavailability of the leaf Fe has been tested. In a comparison of 10 tropical GLV using anaemic rats, Ifon and Bassir (1978) found a range of Fe bioavailabilities from 7.7 to 36.2%, and amaranth had the highest percentage of bioavailable Fe of all GLV tested. Using various in vitro simulations of gastrointestinal digestion, researchers have found between 2.8 and 53.6% of total Fe to be bioavailable in amaranth species (Reddy and Kulkarni 1986; Chawla et al. 1988; Latunde Dada 1990) . However, analysis of four amaranth lines from different species for total and bioavailable Fe indicated that the line with the highest total Fe concentration did not have the highest bioavailable Fe concentrations (Reddy and Kulkarni 1986) .
The hypothesis for the current study was that amaranth as an iron-containing supplement would have a beneficial effect on piglet growth and haematological indicators. This hypothesis can be rejected, because there was no clear improvement in red blood cell indices in this study. Nonetheless, the effect of the amaranth treatment was difficult to HCT -haematocrit SD -standard deviation K+P -control group, feed mixtures without popped amaranth grain A20 -feed mixtures which contained 20% of heat-treated popped amaranth grain A40 -feed mixtures which contained 40% of heat-treated popped amaranth grain A79 -feed mixtures which contained 79% of heat-treated popped amaranth grain assess, because several piglets of the control and the PAG-fed piglets showed laboratory findings of anaemia, but with a high individual variablitity. Iron was not administered to any piglets in the study, so that the haematological findings are in accordance with other experimental studies and findings reported in literature. Iron deficiency can be diagnosed by an MCHC < 300 g/l, which was found in several pigs on different sampling times in our study. Pigs were kept in closed pens, so that iron intake by ingestion of soil could be excluded. The genetic background of the pigs was the same as in most commercial farms in Serbia. The litter sizes, being from 10 to 12 piglets, were optimal, as the sows are able to produce sufficient colostrum, and piglet milk intake is guaranteed. Anaemia is less often seen in piglets from small litters. Zraly et al. (2004) concluded that amaranth, in the form of both grain and dried surface biomass, is a suitable source of nutrients to augment the diet of pigs, after components of animal origin have been prohibited. Considering the high biological value of amaranth MCHC -mean corpuscular haemoglobin concentration SD -standard deviation K+P -control group, feed mixtures without popped amaranth grain A20 -feed mixtures which contained 20% of heat-treated popped amaranth grain A40 -feed mixtures which contained 40% of heat-treated popped amaranth grain A79 -feed mixtures which contained 79% of heat-treated popped amaranth grain protein, favourable amino acid composition and dietary fibre content, it can be presumed that amaranth inclusion in feed diets for fattening pigs may partially solve the problem of animal protein replacement in the diets for monogastric animals. The results obtained in the present study are comparable with the data obtained by evaluation of growth performance of pigs, feed conversion, health status, carcass and meat quality, indicating that animal protein may be replaced with the vegetable protein amaranth (Zraly et al. 2004 (Zraly et al. , 2006 . However, the cost-benefit analysis in the current study showed that supplementation of amaranth in piglet feed cannot be recommended. It is evident that the costs of amaranth mixtures fed to the three piglet groups were higher compared to the cost of the diet of the control piglets, even if the reduced costs of not administering iron-dextran were taken into account. The increased cost of feeding amaranth means it is unsuitable for use as a routine supplement on pig farms. It should be taken into account that the costs of conventional piglet diets mostly depend on the price of corn, given it comprises the largest share in the diets, but it also suffers from the largest price variations in the market. In the event that the prices of corn and soybean meal further increase, amaranth as an alternative feed component might become of greater interest for pig production. day 5 -day 10 0.006 day 10 -day 90 0.02 RBC (T/l) day 5 -day 60 day 5 -day 90 day 10 -day 60 day 10 -day 90 < 0.001 day 28 -day 60 day 28 -day 90 HCT (l/100 l) day 5 -day 10 day 5 -day 28 day 5 -day 60 day 5 -day 90 day 10 -day 60 < 0.001 day 10 -day 90 day 28 -day 60 day 28 -day 90 Hb (g/l)
day 5 -day 10 day 5 -day 28 day 5 -day 60 day 5 -day 90 day 10 -day 60 < 0.001 day 10 -day 90 day 28 -day 60 day 28 -day 90 Differences in haematological indices which occurred between groups of piglets fed with amaranth as well as the control group of piglets were inconsistent and of minor practical impact. Also, only small significant differences in the mean daily weight gain were found between the groups of piglets, and these were not consistent. Iron deficiency in growing pigs cannot be compensated by feeding diets with Amaranthus cruentus as an iron supplement. Common application of iron dextran to piglets is the most effective way to prevent anaemia in piglets. The beneficial effects of an amaranth diet are in no relation to the costs and so far cannot be recommended for field conditions. 
